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The processing of Arabidopsis thaliana microRNAs (miRNAs) from
longer primary transcripts (pri-miRNAs) requires the activity of
several proteins, including DICER-LIKE1 (DCL1), the double-stranded
RNA-binding protein HYPONASTIC LEAVES1 (HYL1), and the zinc
finger protein SERRATE (SE). It has been noted before that the
morphological appearance of weak se mutants is reminiscent of
plants with mutations in ABH1/CBP80 and CBP20, which encode
the two subunits of the nuclear cap-binding complex. We report
that, like SE, the cap-binding complex is necessary for proper
processing of pri-miRNAs. Inactivation of either ABH1/CBP80 or
CBP20 results in decreased levels of mature miRNAs accompanied
by apparent stabilization of pri-miRNAs. Whole-genome tiling
array analyses reveal that se, abh1/cbp80, and cbp20 mutants also
share similar splicing defects, leading to the accumulation of many
partially spliced transcripts. This is unlikely to be an indirect
consequence of improper miRNA processing or other mRNA turn-
over pathways, because introns retained in se, abh1/cbp80, and
cbp20 mutants are not affected by mutations in other genes
required for miRNA processing or for nonsense-mediated mRNA
decay. Taken together, our results uncover dual roles in splicing
and miRNA processing that distinguish SE and the cap-binding
complex from specialized miRNA processing factors such as DCL1
and HYL1.

P osttranscriptional gene regulation by microRNAs (miRNAs)
is essential for the development and function of multicellular
eukaryotes (1). In plants, miRNAs are processed from primary
transcripts that contain partially complementary foldbacks of
variable lengths (pri-miRNAs). Pri-miRNAs are similar to mes-
senger RNAs (mRNAs) in being transcribed by DNA-dependent
RNA polymerase II (pol II) and carrying a seven-methyl
guanosine (m’G) cap at the 5’ end and a polyadenosine (polyA)
tail at the 3" end (1). Pri-miRNAs are processed to yield 20- to
22-nt-long mature miRNAs by an RNAselll-like domain con-
taining protein called DICER-LIKE1 (DCL1) (2-4). DCL1
interacts with the double-stranded (ds)RNA-binding protein
HYPONASTIC LEAVESI (HYL1) and the zinc finger protein
SERRATE (SE) to ensure proper processing of pri-miRNAs
(5-13). In common with dc/I mutants, pri-miRNA levels are
increased in plants that lack HYLI or SE activity, whereas the
amounts of mature miRNAs are reduced (5-9). All three
proteins are found in nuclear processing centers, called D-bodies
or SmD3/SmB nuclear bodies (12, 13).

Mutants deficient in miRNA biogenesis suffer from a large
range of morphological defects. Plants with null alleles of DCL1
or SE die as embryos, and even moderate reduction of DCL1
activity leads to a broad spectrum of developmental abnormal-
ities (8, 14, 15). The weak se-1 allele causes only mild defects,
including an alteration of phyllotaxis and the name-sake serrated
leaves (16, 17). It has been noted before that the se-1 phenotype
is reminiscent of that of another mutant with impaired RNA
metabolism, ABA hypersensitive 1 (abhl). Both mutants respond
more strongly to the hormone abscisic acid (ABA), both have
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serrated leaves, and the late-flowering phenotype caused by an
active allele of FRIGIDA (FRI) is also suppressed in both (18,
19). They differ, however, in other phenotypes, such as the rate
of leaf production, indicating their functions only partially
overlap.

ABH1/CBPS0 encodes the large subunit of the nuclear cap-
binding complex (CBC) (18). The CBC, which was originally
identified through its role in pre-mRNA splicing in human cells,
consists of two subunits, CBP20 and CBP80, that together bind
to m’G-cap structures of mRNAs (20). Further analyses revealed
crucial roles of the CBC in many different aspects of mRNA
metabolism in human and yeast (21, 22). For example, the CBC
inhibits deadenylation by interacting with a polyA-specific ribo-
nuclease, it associates with components of the mRNA export
machinery, and it regulates export of U snRNAs (23-25). The
binding of the CBC to mRNAs during the pioneer round of
translation is essential for mRNA quality control (26, 27).
Similarly, the interaction with the CBC is important for the
activity of UPF1, a well known RNA helicase with a central role
in nonsense-mediated mRNA decay (NMD) (28). In yeast, the
CBC associates with U1 snRNP, a component of the pre-mRNA
splicing commitment complex, to ensure proper mRNA matu-
ration (29-32).

The A. thaliana genome contains single genes for both the large
and small subunits, ABH1/CBP80 and CBP20. As the human and
yeast proteins, the heterodimeric CBP80/CBP20 complex binds to
m’G-cap structures and is mainly localized in the nucleus (18, 33).
Consistent with closely related activities, inactivation of CBP20
causes a similar serrated leaf phenotype and increased drought
resistance as seen in abhl/cbp80 mutants (18, 34).

Although the effects of ABH1/CBP80 and CBP20 on plant
morphology and physiology have been documented in quite
some detail (18, 19, 34), it is less clear how these relate to the
known biochemical functions of the CBC. The suppression of
late flowering caused by an active FRI allele has been shown to
be due to reduced expression of FLOWERING LOCUS C (FLC),
a downstream target of FRI (19). Many factors implicated in
splicing and other aspects of RNA metabolism regulate FLC
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Fig. 1.

Requirement of the CBC for pri-miRNA processing. (A) Comparative gross morphology of 21-day-old wild-type (WT), abh1-285, abh1-753, and se-1 plants.

(B) Detection of selected miRNAs by RNA blot in 10-day-old wild-type, abh1-285, abh1-753, and se-1 plants. Ethidium-stained gels on which tRNA and rRNA bands
are visible are shown as loading control. (C) Comparative gross morphology of 21-day-old wild-type, se-1, abh1-285, and cbp20 plants. (D) Detection of selected
miRNAs in 10-day-old wild-type, se-1, abh1-285, and cbp20 plants. (E) Real-time RT-PCR analysis of selected pri-miRNAs in wild-type, se-1, se-3, abh1-285,
abh1-753, cbp20, and hyl1 plants. (F) Overlap of pri-miRNAs that accumulate to higher levels in abh1/cbp80-285, cbp20 and se-1 mutants. (G) As two examples
for pri-miRNAs that accumulate in mutants, hybridization intensities on tiling arrays are shown for pri-miR160c and pri-miR172a. Values are averaged from three
biological replicates each. Accumulation in se-1is apparent for both pri-miRNA transcripts, but only pri-miR160c appears to be affected also by abh1 and cbp20

mutations. Tick marks indicate 100 bases each.

expression, but whether any of them directly regulate splicing of
the FLC sense transcript is still an open question (35). Alter-
native splicing of the FLC pre-mRNA has been observed, but the
functional significance is uncertain (36, 37). Nevertheless, abh1/
¢bp80 mutations change the complex splicing pattern at FLC,
and variants in which intron 1 is retained overaccumulate in
abhl/cbp80 mutants. In addition, ABH1/CBPS80 affects a natural
antisense RNA at the CONSTANS locus (37).

Here, we show that, similar to SE, the A. thaliana CBC is
important for proper pri-miRNA processing in Arabidopsis.
Conversely, whole-genome tiling array analyses revealed that the
CBC and SE have overlapping functions in pre-mRNA splicing,
but that this role is not shared by other factors required for
miRNA maturation. We propose that, in analogy to splicing, the
CBC may provide a platform for recruitment of miRNA matu-
ration factors, and that SE plays an important role for CBC
function in both splicing and miRNA processing.

Results and Discussion
Requirement of CBC for miRNA Biogenesis. Previous studies re-
ported similar effects of abhl/cbp80 and se-1 mutations on

flowering time, leaf development, and seedling responses to the
hormone ABA (17-19). We isolated two additional abhl/cbp80
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T-DNA insertion alleles (abhl-285 and abh1-753). These closely
resembled se-1 mutants in vegetative morphology and exhibit the
same leaf serration phenotype as reported for other abhl/cbp80
alleles (Fig. 14).

Because both SE and ABH1/CBP80 have pleiotropic pheno-
typic effects, their similar mutant phenotypes might be simply
due to cross-regulation of SE mRNA accumulation by ABH1/
CBPS80. RNA blot analysis did not reveal obvious changes in SE
mRNA levels or splicing pattern in plants with mutations in
either ABH1/CBP80 or in CBP20, which encodes the other CBC
subunit. Similarly, ABH1/CBP80 and CBP20 mRNAs were un-
affected in se-1 mutants [supporting information (SI) Fig. S1].

The recent discovery that SE is required for miRNA process-
ing (7-9) prompted us to test whether ABHI affects the accu-
mulation of mature miRNAs as well. Small RNA blots showed
that levels of a subset of miRNAs examined were reduced in two
different abh1/cbp80 alleles, although the effects were not always
as severe as those of se-1 (Fig. 1B).

Because ABH1/CBP80 acts in concert with CBP20, we also
included cbp20 mutants in our analysis. ¢cbp20 and abhl/cbp80
mutants are known to have similar defects in morphology and
ABA response (34) (Fig. 1C). Consistent with ABH1/CBP80 and
CBP20 acting in the same complex, we found RNA expression

Laubinger et al.


http://www.pnas.org/cgi/data/0802493105/DCSupplemental/Supplemental_PDF#nameddest=SF1

Lo L

P

2N

levels of the encoding genes to be highly correlated, as deduced
from the AtGenExpress developmental expression atlas (38)
(Fig. S2). A very similar expression profile was seen for SE as
well, supporting the proposal of related biochemical roles. The
effects of a cbp20 mutant allele on miRNA levels were also very
similar to those of abhl/cbp80 (Fig. 1 C and D). Taken together,
these results indicate that the CBC is necessary for the accu-
mulation of at least a subset of mature miRNA species.

Requirement of CBC for Pri-miRNA Processing. Reduced miRNA
levels can be due to diminished pri-miRNA levels or to less-
efficient processing of the pri-miRNA transcripts into miRNAs.
To distinguish between these possibilities, we analyzed the
steady-state levels of pri-miRNAs by quantitative real-time PCR
(qRT). Inabhl/cbp80 and cbp20 mutants, pri-miRNA transcripts
accumulated to higher levels than in wild type, indicating that
pri-miRNAs are less effectively converted into mature miRNAs,
similar to what is seen in known miRNA processing mutants,
such as hyll (Fig. 1E) (5, 6, 10).

Interestingly, not all miRNAs were equally affected by inac-
tivation of ABH1/CBP80 or CBP20. For example, miR156/157
and miR172 seemed to be largely insensitive to loss of CBC
activity. This is in agreement with the observation that certain
pri-miRNA transcripts accumulated to higher levels in se mu-
tants than in abhl/cbpS80 or cbp20 mutants (Fig. 1E). In this
context, it is worth noting that, similar to the corresponding yeast
mutants (29, 32), abhl/cbp80 and cbp20 null mutants are im-
paired in development and physiology but still viable, at least
under the benign environment of the laboratory. In contrast, null
mutations in DCLI and SE cause embryonic lethality (8, 14, 15).
Therefore, we conclude that the CBC is not an essential part of
the miRNA processing machinery, but that it has more of a
supporting role. Perhaps CBC function is not required for
pri-miRNAs that are particularly strongly expressed or other
proteins with cap-binding activity act redundantly with the CBC.
In this respect, the CBC appears similar to HYL1, null alleles of
which are viable and which also have a weaker effect on miRNA
processing (Fig. 1E) (5, 6).

To obtain a global view of pri-miRNAs, we analyzed mRNA
populations of se, abhl/cbp80, and cbp20 mutants with whole-
genome tiling arrays. The Affymetrix Tiling 1.0R array repre-
sents a single strand of the A. thaliana genome, with the 25-mer
probes spaced on average 10 nt apart (39). In se mutants, 45 of
162 analyzed pri-miRNAs showed increased hybridization sig-
nals compared with wild type (false discovery rate <2.5%).
Consistent with the qRT-PCR data, a smaller number, 28, was
significantly affected in abhl/cbp80 and cbp20 mutants, with 22
common to all three mutants (Fig. 1 F and G; Table S1). These
findings support the conclusion that SE has a more prominent
role in pri-miRNA processing than the CBC.

Accumulation of Unspliced Transcripts in abh1/cbp80, cbp20, and se
Mutants. In humans and yeast, the CBC is involved in several
aspects of RNA processing and quality control, such as pre-
mRNA splicing and NMD (22). It has been suggested that the A4.
thaliana CBC affects splicing of FLC mRNA (37), but its broader
effects on splicing, if any, have been unknown. To address this
question, we analyzed intron accumulation using the above-
mentioned tiling arrays, which cover 80,190 introns with at least
one probe. A. thaliana introns have a lower GC content than
exons, and intronic probes therefore often have comparatively
poor hybridization properties. Hence, for high-confidence pre-
dictions we analyzed only the 30,615 introns covered by at least
three probes. These introns are >100 nt in length, and they
represent 11,882 genes.

We identified 518 and 931 introns that gave substantially
higher hybridization signals in abhl/cbp80 and cbp20 mutants,
respectively, than in wild type (Table S2). Of these, a large

Laubinger et al.

E TARIDD Inton FC
1. AT3G24170 1 53
k 2. AT3G01500 1 49
A EY VTHEY . B
[22] o . .
S 800 32 & 220 633 5 AT3G17430 1 37
5 [} cbp20 ) 6. ATIG13880 1 35
E B A 7. AT5G35330 1 35
P 23 = 8 AT5G12230 1 35
54 I abht M0 9 AT5G17230 1 32
£ 400 = (235 186 | 10. AT5G44580 1 32
© 13 1332 1220 N A B
® ) e QA : : :
:t: =1 \\, ,\,// N B B
@ < 37. AT5G50670 1 23
Y se / faaa\ D 380 AT3G04610 1 23
P L 8 [208/ 198 733 39. AT2G34660 1 2.3
S (13) ) : : :
‘\»\\" cbp20 \ ) : : :
RS ~ S : :
e 71.AT3G43230 1 2.0
72.AT1G28520 1 2.0
73.AT5G12860 1 20
C —wr
—S€
= abh1
g cbp20 PCR with =y |
>10 intron-flanking primers 17—
% | S &
) \ NP
£ W Lo s
g5 AT3G17430
5 S R
2 I [ | 1 o s _
2 T
O -
- e
AT1G13880
" s
D 15 — wr - .
- — se
S abh1 AT3G04610 _
o — cbp20 + ST
210 =
B
[ AT1G28520 —
z +
S 5 - -
i=
wn —
Fig. 2. Splicing defects in abh1/cbp80-285, cbp20 and se-1 mutants. (A)

Number of retained introns in mutants. (B) Overlap of retained introns among
the three mutants examined. Parentheses give overlap expected by chance. (C)
As one example for an improperly spliced mRNA detected by tiling arrays,
hybridization signals of probes representing the AT3G01500 gene are shown
for wild-type, abh1/cbp80, cbp20 and se plants. Values are averaged from
three biological replicates each. Gray box highlights retained intron. Anno-
tated splice forms (TAIR 7) are shown below, with blue indicating coding
sequence. Tick marks indicate 500 bases each. (D) As a second example, tiling
array signals for AT3G04670 are shown. Note second intron (purple underline)
that is unchanged in the mutants. (E) Excerpt from table of genes with introns
retained in abh1/cbp80, cbp20, and se-1 mutants (see Table S2). The second
column (“Intron”) indicates intron position from 5’ end. As discussed in the
text, firstintrons are overrepresented. FC, fold change. Details for highlighted
genes are shown in F. (F) Validation of intron retention in selected genes by
conventional RT-PCR analysis. gDNA, genomic DNA control. "+ and “—"
indicates reactions with and without reverse transcriptase. The upper band
corresponds to unspliced form (as in gDNA), the lower band to spliced form.

fraction, 298, was identified in both mutants (Fig. 24), with the
overlap being much more than expected by chance (P < 10719,
X° test with Yate’s continuity correction). The increased hybrid-
ization signals for introns are most easily interpreted as reflect-
ing intron retention, consistent with the reduced splicing effi-
ciency caused by loss of human or yeast CBC activity (20, 21).

We found 406 introns with elevated hybridization signals in
se-1 mutants, which included 244 introns also affected in abhl/
¢bp80 or cbp20 mutants (Fig. 2 B-D). Again, this overlap is
significantly higher than expected by chance (P < 1071). In
total, 140 introns were affected in all three mutants. These
results imply that the CBC and SE have overlapping functions
not only in pri-miRNA processing but also in pre-mRNA splic-
ing. We generally detected only a single intron from each gene
as being retained in the mutants (Fig. 2 C and D). In addition,
first introns seemed to be most sensitive to loss of CBC and SE
activity (Fig. S3), possibly suggesting that efficient splicing of
introns close to the m’G cap have a stronger requirement for
CBC and SE function than introns more downstream.
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Fig. 3. Analysis of splicing in other miRNA-processing mutants and in NMD
mutants. (A) Comparative RT-PCR analysis of mRNAs with introns retained in
abh1/cbp80, cbp20 and se mutants in other miRNA processing mutants and
related genotypes (dc/1, dc/2 dcl3 dcl4, hyl1, hst and agoT). (B) Comparative
RT-PCR analysis of NMD mutants (upf1 and upf3).

To confirm that a subset of introns is inefficiently spliced
in se-1, abhl/cbp80, and cbp20 mutants, we analyzed several
mRNAs in more detail, including ATG17430, which encodes a
potential phosphate translocator; AT1G13880, which encodes an
ELM?2 domain-containing protein; and AT3G04610, which en-
codes FLK, a likely RNA-binding protein known to affect
flowering time (40, 41). The mean changes in the hybridization
signal for the affected introns ranged from 2- to >5-fold (Fig.
2F). RT-PCR analysis with intron-flanking primers revealed
that the respective introns are quantitatively removed by splicing
in wild type (Fig. 2F). In contrast, in se-1, abh1/cbp80, and cbp20
mutants, we easily detected RT-PCR products corresponding in
size to unspliced transcripts (Fig. 2E). Because se-1 is a weak
allele (7, 8, 17), we repeated the RT-PCR analysis with the se-3
allele, which carries a T-DNA insertion in the first exon and has
much stronger developmental defects than se-1 (7). The results
were similar as for the se-1 allele (Fig. S4). Taken together, these
results demonstrate that SE and CBC have overlapping functions
in pre-mRNA splicing.

No General Requirement of miRNAs or the NMD Pathway for Pre-
mRNA Splicing. We have demonstrated that the CBC components
ABH1/CBP80 and CBP20 and the zinc finger protein SE are
required for both pri-miRNA processing and pre-mRNA splic-
ing. Because SE had not previously been linked to mRNA
processing, we considered the possibility that the splicing defects
in se mutants are indirect effects, caused by lack of an miRNA
that targets a gene involved in splicing. To test this hypothesis,
we analyzed splicing patterns of several mRNAs that feature
retained introns in se, abhl/cbp80, and cbp20 mutants in strains
with mutations in other genes required for miRNA function.
Mutants impaired in miRNA processing, such as dcl! (2) or hyll
(5), did not show any splicing defects for several mRNAs affected
in abhl/cbp80, cbp20, or se mutants (Fig. 34). Similarly, splicing
appeared unaffected by loss of HASTY (HST), which is required
for normal miRNA accumulation, potentially through effects on
miRNA export from the nucleus (42) or ARGONAUTE1
(AGOL1), the protein that slices miRNA target mRNAs (43, 44)
(Fig. 34). These observations suggest that the splicing defects
observed in plants lacking the CBC or SE are not an indirect
effect of impaired miRNA processing. Taken together, our
results indicate that the CBC and SE have a function in mRNA
splicing that is distinct from that of other miRNA processing
factors.

mRNAs with premature stop codons, because of either DNA
mutations or missplicing, are subject to nonsense-mediated
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mRNA decay (NMD) (45). The human CBC has been shown to
be important for NMD through interaction of CBP80 with
UPF1, an RNA helicase that associates with two components of
the exon—junction complex, UPF2 and UPF3 (28, 45). Homologs
of UPF1 and UPF3 are essential for NMD in A. thaliana as well
(46-50). Because mRNAs with unspliced introns in cbp and se
mutants also feature premature stop codons, we considered the
possibility that the intron retention observed in these mutants
might be an indirect consequence of NMD failure. To test this
hypothesis, we performed RT-PCR analysis on RNA extracted
from upfl and upf3 mutants. In contrast to chp and se mutants,
we did not detect unspliced mRNAs in plants carrying two
different mutant alleles each of upfl and upf3 (Fig. 3B). We
conclude that the CBC and SE in A. thaliana primarily promote
splicing rather than degrade misspliced mRNAs.

Intron Dependence of Pri-miRNA Processing by the CBC and SE.
Several A. thaliana miRNA loci have been shown to produce a
variety of pri-miRNA transcripts, some of them containing
introns (11, 51-54). It seems unlikely, however, that only intron-
containing pri-miRNA transcripts are affected, because most of
the pri-miRNA transcripts we examined in detail (Fig. 1E) are
not known to be spliced. We nevertheless wanted to determine
whether the presence of an intron had a particularly strong effect
on precursor processing in plants lacking the CBC or SE, because
we had noticed before that miRNAs differ in their requirement
for CBC and SE function (Fig. 1 B and D). In such a scenario,
the observed changes in miRNA levels in cbp and se mutants
would be at least partially an indirect consequence of pri-miRNA
splicing defects.

We examined this hypothesis in more detail using as a model
miR164, the levels of which are strongly decreased in abhl/
¢bp80, cbp20 and se mutants (Fig. 1 B and D). One of the loci
from which miR164 is produced is MIR164a, which gives rise to
several pri-miRNAs, including pri-miRNA164a-1, from which an
intron is removed by splicing (53). RT-PCR analysis revealed
that cbp and se-1 mutants accumulate both the spliced and
unspliced version of pri-miRNA164a-1, and that their changes in
levels of both pri-miRNA164a-1 isoforms are very similar to
those seen in the pri-miRNA processing mutant AylI. Use of an
oligonucleotide primer that spanned the exon—exon junction
confirmed high levels of the correctly spliced form of pri-
miRNA164a-1 in all four mutants (Fig. 44). Similar results were
obtained for another spliced pri-miRNA, pri-miRNA156a (Fig.
4B) (52). Thus, compared with other miRNA processing factors,
there is no evidence for a particular requirement of the CBC and
SE in processing of spliced pri-miRNAs and hence no evidence
that the CBC and SE affect miRNA accumulation indirectly
because of their splicing defects. We therefore conclude that the
effects on pre-mRNA splicing and miRNA processing likely
reflect independent roles of the CBC and SE in these two
processes.

Conclusions

Our results imply there are at least two different functions of the
CBC and SE, in pre-mRNA splicing and pri-miRNA processing,
and that the CBC and SE cooperate in both. The splicing defects
set cbp and se mutants apart from mutants impaired in miRNA
biogenesis or NMD. Pre-mRNA splicing, however, is not abol-
ished in abhl/cbp80 or cbp20 mutants (Fig. 2F), consistent with
these genes not being essential for viability. In addition, we
generally detected reduced splicing efficiency only for individual
introns of a given transcript, indicating that certain introns are
particularly sensitive to loss of CBC or SE function (Fig. 2 B
and C).

In other organisms, the CBC has been shown to affect splicing
by facilitating the cotranscriptional assembly of the spliceosome
(55). One interpretation of the differential effects of the CBC on

Laubinger et al.
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SE might be part of a larger cap-binding complex (indicated by an additional
component with a dashed outline) or might interact only transiently with
the CPC.

splicing might be that the affected introns preferentially undergo
cotranscriptional splicing, whereas other introns might be pro-
cessed posttranscriptionally and therefore might be less sensitive
to loss of the CBC. Alternatively, the CBC might act redundantly
with other cap-binding proteins, such as eukaryotic translation
initiation factor 4G (eIF4G), which is structurally related to CBC
(56). Interestingly, the subnuclear localization pattern of SE
partially overlaps with that of SR45, a plant-specific serine-
arginine-rich (SR) protein required for splicing (12, 57).

We cannot entirely disregard the possibility that the CBC and
SE indirectly affect miRNA processing through splicing of
transcripts encoding miRNA processing factors. However, the
tiling array data did not indicate that introns of the mRNAs
encoding the two known main players, DCL1 and HYLI, are
affected (Fig. S5). Furthermore, it has been previously estab-
lished that SE directly interacts with DCL1 and HYL1. Using
guilt by association as an argument, we suggest that, like SE, the
CBC also has a rather direct role in miRNA processing.
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Our analysis of intron-containing pri-miRNAs implies that the
miRNA-processing function of CBC and SE does not rely on
their role in pre-mRNA splicing. But what is the missing link
between pre-mRNA splicing and pri-miRNA processing that
requires both CBC and SE? Perhaps CBC facilitates the loading
of the miRNA-processing machinery onto pri-miRNA, in anal-
ogy with its role in recruiting the splicing commitment complex
onto pre-mRNAs. SE might then be a common mediator for
interactions between the CBC and different processing com-
plexes (Fig. 4C). Because standard approaches have not yet
revealed any direct in vitro interaction between CBP80 or CBP20
and SE (S.L. and D.W., unpublished data), one direction for
future work is the analysis of larger in vivo complexes in which
the CBC and SE participate.

Materials and Methods

Plant Material and Growth Conditions. All mutants were in the Columbia-0
(Col-0) background. abh1-285 (SALK_024285) and abh1-753 (SALK_016753)
are from the SALK and dc/7-100 from the GABI-KAT T-DNA collections (58, 59).
The other mutants have been described (6, 7, 17, 34, 46, 48, 60). Plants were
grown in long days (16-h light/8-h dark) or continuous light at 23°C on soil or
solid half-strength MS medium supplemented with 1% sucrose.

Tiling Array Analyses. Targets (hybridization probes) for tiling array hybrid-
ization were generated from 1 ug of total RNA using the MessageAmp
II-Biotin Enhanced Kit (Ambion) using unmodified NTPs instead of biotin-
ylated NTPs, the GeneChip WT Double-Stranded cDNA Synthesis Kit, and the
GeneChip WT Double-Stranded DNA Terminal Labeling Kit (Affymetrix). Tar-
gets were hybridized to Affymetrix Arabidopsis Tiling 1.0R arrays in triplicate.
For washing on the Affymetrix Fluidics Station 450, the Affymetrix protocol
FS450.0001 was used; for scanning, a GeneChip Scanner 3000 7G was used.

Raw data were quantile-normalized (61), and probes likely to be prone to
cross-hybridization properties were removed from further analysis based on
described parameters (62). For analysis of pri-miRNA expression, tiling array
probes were mapped to the genome coordinates from 162 annotated miRNA
foldbacks, including 200 additional base-pairs up- and downstream of the
foldback (63). We applied the SAM algorithm to median expression levels
from wild-type and mutants across the three replicates (64).

For analysis of intron retention, probes were mapped to known constitu-
tive introns (TAIR7 annotation). Only genes with median exon intensities
above the lower quartile in all three biological replicates and across all four
genotypes were considered. Average fold changes were calculated between
all mutants compared with wild-type and across three replicates. Subsequent
analysis focused on introns showing a change of log, =0.7 (~1.6-fold or
greater). Table S2 lists all introns (including corresponding TAIR-IDs and fold
changes) that satisfy this criterion in se-1 and at least one of the two cbp
mutants.

RNA and RT-PCR Analyses. Please see S/ Text. Oligonucleotide primers are listed
in Table S3.
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